Glioblastoma (GBM) is the most commonly diagnosed type of brain cancer and the leading cause of brain cancer-related death. GBM contains a subpopulation of tumor-propagating glioblastoma stem-like cells that are thought to drive cancer progression and recurrence. Although several clinical trials are ongoing to explore new chemotherapeutic agents to treat GBM, the use of metformin (Met), a first-line drug for type 2 diabetes mellitus, in cancer remains controversial.
Introduction
Glioblastoma is a primary brain tumor in adult patients. The treatment of GBM remains difficult due to its recurrence after initial treatment with either surgical resection, chemotherapy, or radiotherapy. GBM contains a subpopulation of tumorpropagating glioblastoma stem-like cells (GSCs) that are thought to drive cancer progression and recurrence. These stem-like properties include the capacity to support unlimited growth, self-renewal, and multilineage differentiation into multiple cell types such as neurons, astrocytes and oligodendrocytes. GSCs are more invasive than non-GSC tumor cell and are intrinsically resistant to chemo-and radiotherapy, likely due to the upregulation of anti-apoptotic proteins and DNA repair enzymes [1, 2, 3, 4, 5] . Currently, there are many regimens to treat malignant gliomas.
Natural and synthetic derivatives of vitamin A, such as retinoic acid (RA), are responsible for most of the activity of vitamin A. By binding to the retinoic acid receptor (RAR) and retinoid X receptor (RXR), RA can mediate transcription of different sets of genes by controlling differentiation of a variety of cell types [6] . The cytotoxic effect of all-trans-RA on cell growth and induction of apoptosis is mediated through binding and activating RARs, such as RARa, RARb, RARg, and the 9-cis-RA receptor [7, 8] . 9-cis RA and all-trans RA are agonists of RARs [9] . 9-cis RA is a potently activator of all isoforms of RARs and RXRs. 9-cis RA reduces tumor proliferation and inhibits tumor growth [9] . In preclinical studies, 9-cis RA has been used in the prevention of mammary and prostate cancer [10, 11] . In addition, 9-cis RA and all-trans-RA can individually induce apoptosis of human liver cancer cells [12, 13] . 9-cis RA and 13-cis RA have been shown to inhibit proliferation but induce the differentiation of GSCs into neurons, astrocytes, and oligodendrocytes [14, 15, 16] .
Metformin (Met) is a biguanide (1,1-dimethylbiguanide) molecule used for treatment of diabetes mellitus. It is the most commonly used oral normoglycemic agent for type 2 diabetes and exhibits anti-tumor effects [17] . Met has been considered as a potential anti-cancer agent since studies reported that diabetic patients given Met had a lower incidence of cancer when compared with diabetic patients treated with other drugs. In 2005, Evans et al [18] first reported the unexpected finding of a lower prevalence of cancer in diabetic patients treated with Met compared with other antidiabetic treatments. Diabetic patients receiving Met had a lower cancer-specific mortality [18] . The in vitro antiproliferative effects of Met have been reported in cells from breast, glioma, prostate, colon, endometrium, lung, ovarian, and pancreatic cancers [19, 20, 21, 22, 23, 24] . Furthermore, Met has been shown to reduce cancer incidence and mortality in certain cancers [25] . Recently, Met has been shown to selectively inhibit GSCs with minor side effects [26, 27, 28] . The mechanism of Met antitumor effects is considered to be the activation of AMP-activated protein and the down-regulation of the Akt pathway [25] . Treatment of glioblastoma with Met has been shown to reduce the proliferation of tumor-initiating cells [29] . Met was found to synergize with other chemotherapy drugs to increase apoptosis in glioma stem-like cells [26] . Since differentiation and hyperglycemia are associated with increased risks of cancer progression, the aim of the present study was to evaluate the effect of combining Met and 9-cis RA on both early and late apoptotic cell death of C6-GSCs.
Materials and methods

Cell culture
In this study, C6-gliospheres were induced to represent the GSCs. Briefly, C6 cells from CLS (Cell Lines Service, Denmark) were cultured in DMEM and Ham's F-12, supplemented with 10% fetal bovine serum in a humidified atmosphere of 5% CO 2 at 37 C until confluent. Confluent C6 glioma cells were dissociated using a 0.25% trypsin (Gibco) and 0.25% EDTA solution and cultured in neurobasal medium (NBM) supplemented with B27 (1X; Gibco), heparin (2 mg/ml), 20 ng/ml recombinant human basic fibroblast growth factor (bFGF, Sigma, USA), and 20 ng/ml recombinant human epidermal growth factor (EGF, Sigma, USA). The gliospheres were cultured in 24-well plates in a 5% CO 2 incubator at 37 C with a medium change every 3e4 days. When C6 gliospheres reached more than 100 mm in diameter, they were treated with either 20 mM Met [26] , 0.6 mM 9-cis RA [10] or 20 mM
Met plus 0.6 mM 9-cis RA for 24 h. The cells in gliospheres were collected and analyzed by flow cytometry, immunofluorescence staining, western blot, and transmission electron microscopy.
Flow cytometric analysis
The immunoreactivity of the gliospheres to CD133 (a marker of GBM stem cells)
was assessed using flow cytometry. Briefly, untreated gliospheres were harvested and incubated with a FITC-conjugated anti-CD133 antibody (E-bioscience, United with Met and 9-cis RA, either alone or in combination, were fixed with À20 C absolute alcohol for 20 min and treated with 5% bovine serum albumin for 20 min.
Eight microliters of Annexin V-FITC and 7 ml PI were added and incubated for 30 min at room temperature in the dark. A further 500 ml (0.01 M) of phosphate buffered saline (PBS) was added to terminate the reaction. Routinely, at least 10,000 cells were assessed on a FACScalibur flow cytometer (Becton Dickinson). The percentage of intact (annexin V-/PI-), early apoptotic (annexin Vþ/PI-), late apoptotic (annexin Vþ/PIþ), and necrotic (annexin V-/PIþ) cells was calculated with the FACSDiva software, version 6.1.1 (BD,Biosciences).
Immunofluorescence staining
C6 gliosphere cells were fixed in with À20 C absolute alcohol for 20 min, washed three times in 0.01 M PBS and blocked by 5% bovine serum albumin for 30 min at room temperature. Cells were incubated with FITC-conjugated CD 133 and Nestin
antibodies (E-bioscience, United Kingdom) for 1 h. Cells were examined under a fluorescence microscope (Olympus, IX71/IX51, Japan).
Transmission electron microscopy (TEM) ultrastructural analysis
Cells were fixed in 2.5% glutaraldehyde at pH 7.2 (at room temperature) for 24 h and postfixed in 1% OsO 4 in a 0.1 M cacodylate buffer for 1 h and stained with 0.2% uranyl acetate for half an hour. The cells were then dehydrated in a series of graded ethanol steps and finally embedded in Araldite. Ultrathin sections were doublestained with lead citrate and uranyl acetate and viewed under a JEOL 1200 EX electron microscope.
Western blot analysis
The expression of cleaved caspase-3 and procaspase-3 proteins was analyzed by western blotting using 12% SDS-PAGE. Cells were plated into 6-well plates (Corning). After treatments, the cells were washed with 0.01 M PBS. The exposed cells were then collected by adding RIPA lysis buffer containing a protease inhibitor cocktail. Next, the cells were scraped off the wells and collected. The lysates were centrifuged at 14,000 rpm at 4 C for 15 min. The supernatant was collected and protein concentration was measured by Bradford reagent at 595 nm. An equal amount of protein from each sample was separated by SDS-PAGE and then transferred onto a nitrocellulose membrane (Bio-Rad Laboratories, CA, USA). Non-specific binding was blocked by 5% BSA in TBS-T for 1 h at room temperature. After that, the membranes were incubated in appropriate dilutions of antibodies, 1:1000 for mouse monoclonal primary against cleaved caspase-3 and procaspase-3 (Santa Cruz), and 1:5000 for mouse monoclonal primary against b-actin (Sigma), at 4 C overnight. Then, membranes were incubated with anti-mouse IgG secondary antibody (Zymed Laboratories, CA, USA). The membranes were developed by ECL kit (Pierce Biotechnology). Quantitative analysis was performed by densitometry scanning with ScnImage software and expressed as relative bars normalized to b-actin.
Statistical analysis
The data were expressed as the means with standard deviations (SD) for at least three independent experiments performed in triplicate. The significant differences between treated cells and controls were determined by an independent t-test with significance levels of p < 0.05.
Results
Characteristics of C6-GSCs gliospheres
To evaluate the characteristics of C6-GSCs in gliospheres, the expression of CD133, a neural stem cell marker, was analyzed by immunofluorescence staining and flow cytometry. The majority of cells exhibited high expression of CD133. The whole gliosphere was stained for CD133 and Nestin ( Fig. 1B and C) . CD133 staining was analyzed by flow cytometry and subsequent analysis showed that a CD133-positive population was detected in 90.6% of C6-GSCs gliospheres as shown in 
Effects of Met and 9-cis RA on apoptotic cell death in C6-GSCs
To determine the effect of Met and 9-cis RA on apoptotic cell death in C6-GSCs, gliospheres were treated with Met and 9-cis RA, alone or in combination for 24 h. Then, the percentage of apoptotic cells was analyzed by Annexin V/PI staining with flow cytometry. Following incubation with Met for 24 h, the percentage of apoptotic cells were 23.6% early and 33.5% late apoptosis (Fig. 3B) . Treatment with 9-cis RA for 24 h induced 4.5% early and 38.0% late apoptosis (Fig. 3C) . Combination of Met with 9-cis RA significantly increased the percentage of apoptotic cells to 30.4% early and 55.4% late apoptosis (Fig. 3D) . When comparing control and each treated group about dead cells in C6-GSCs, the results indicated there was difference between intact and dead cells at statistically significant (p < .01) shown in Fig. 3E .
Effects of Met and 9-cis RA on C6-GSCs morphology
Transmission electron microscopy (TEM) was used to observe the morphology C6-GSCs. Cells treated with either Met or 9-cis RA (Fig. 4BeD) were smaller than control-treated cells (Fig. 4A) . Karyopyknosis was observed as a crescent cap structure distributed throughout the karyoplasms in cells treated with Met or 9-cis RA. Both early and late apoptotic morphological changes were found in all of C6-GSCs after treatment with either Met or 9-cis RA. Cell shrinkage was also observed due to blebbing of the membrane. Additionally, nuclear and chromatin condensation were evident and the cytoplasm was reduced in volume, had many vacuoles but few lipid droplets, margination, and nuclear fragmentation ( Fig. 4E and F) . Some cells became apoptotic bodies with nuclear fragments during late apoptosis ( Fig. 4G and H) . The vacuoles were surrounded by membranes and some of these membranes were decorated by ribosomes, indicating that the intracellular vacuoles were derived from the rough endoplasmic reticulum (ER) and possibly smooth ER. The vacuoles were mostly empty although some contained membrane structures indicating cytoplasmic contents. However, the mitochondrial morphology remained normal in some cells even after 24 h of treatment. In summary, treatment with both Met and 9-cis RA for 24 h could affect nuclear and cytoplasmic organelles, but not mitochondrial morphology ( Fig. 4B and H) .
Effects of Met and 9-cis RA on the expression of cleaved caspase-3 and procaspase-3
The expression of cleaved caspase-3 protein increased but the expression of procaspase-3 protein in Met, 9-cis RA, and Metþ9-cis RA-treated C6 GSCs compared to control (Fig. 5A) . The band intensities were measured using an image analyzer and presented as the relative ratio. The results showed the relative ratio of cleaved caspase-3/procaspase-3 in Met þ9-cis RA and 9-cis RA were 1.6, 1.7 times, respectively. They were higher than the relative ratio of the control (Fig. 5B ).
Discussion
In the present study, we used an experimental model system of C6 gliospheres to represent GSCs. Treatment with very low concentrations of Met and 9-cis RA, either alone or in combination, was associated with a significant decrease in the surviving fraction of C6-GSCs. Combination of Met and 9-cis RA increased both early and late apoptosis in C6-GSCs. Met-treated cells showed higher number of early apoptotic cells death compared to 9-cis RA (23.6% vs 4.5%). B. Densitometric analysis of cleaved caspase-3 and procaspase-3 levels. The ratio of cleaved caspase-3/ procaspase-3 in 9-cis RA was the highest all groups. Data are expressed as means AE SD (n ¼ 3) in each group.
C6-GSCs showed significant changes in morphology when treated with Met, including shrinking, membrane blebbing, and vacuolization in the cytoplasm, all of which are characteristics of early apoptosis. Cells treated with 9-cis RA showed higher rates of apoptotic bodies and nuclear fragmentation, indicative of late apoptosis.
There are two pathways involved in drug-induced apoptosis: the death receptor pathway and the mitochondria pathway [29, 30] . In this study, we speculate that Met and 9-cis RA first induced functional changes of mitochondria, which ultimately led to apoptosis. It has been reported that Met inhibits mitochondrial oxidative phosphorylation and causes the disruption of respiration complex I, ATP production in the mitochondria, and cell polarity in low-energy conditions [1] . Met has been used previously in combination with temozolomide to induce early and late apoptosis in C6 glioma stem cells that resulted in 62.73% and 61.73% apoptotic cell death in U87-GSCs [26] , which is concordant with this study. Met and 9-cis RA induced 85.80% apoptotic cell death in C6 glioma stem cells. Some studies have reported that treatment with Met decreased proliferation, blocked Go/G1 cell cycle progression, and induced cell death in GSCs through AMPK (adenosine monophosphate-activated protein kinase)-dependent inhibition of FOXO3 and AKT [30] . AMPK was active in gliomas and the anti-proliferative effects of Met on GSCs were AMPK-independent [31] .
All trans-retinoic acid (ATRA) is an endogenous ligand for the RARs and binds to RAR subtypes. 9-cis RA is an endogenous ligand binds RARs and RXRs. 9ecis RA induces tissue transglutaminase type II (tTG2). tTG2 has been shown to be induced by retinoids in multiple cell types [32] . tTG2 is involved in protein cross-linking activity and apoptosis [33] . tTG2 activity is also by changes in morphology and by nuclear or DNA fragmentation consistent with features of cells undergoing early and late apoptosis [10, 32, 33] . In some reports, 9-cis RA may influence intrinsic and extrinsic pathways of apoptotic cells. In the case of intrinsic apoptosis, 9-cis RA acts on RARs and RXRs, which are specific response elements within the nucleus that inhibit cancer cell proliferation [2] .
Moreover, 9-cis RA affects mitochondrial organelles. It releases cytochrome c, which activates caspase-9 then cleaves caspases-3, -6, and -7, thereby affecting morphological and biochemical features of apoptosis with the intrinsic pathway of late apoptosis, including chromatin condensation, chromatin margination, and nuclear fragmentation. These characteristics of late apoptosis were found in C6-GSCs treated with 9-cis RA in this study [6, 14, 34] .
For the extrinsic pathway, 9-cis RA may stimulate the binding of specific ligands of the TNF family, including Fas ligand, Fas-L or Bax, to their death receptors such as Fas, Trail-R1, R2, R3 on the cell membrane. Bax/Bad translocation to the mitochondria then promotes cytochrome c release and activation of the apoptosome [6, 11, 13] .
There are many reports showing that 9-cis RA is more potent when it is used in combination with anti-estrogen treatment of breast cancer [9, 10] . Moreover, all-trans RA was used in combination with Met to inhibit neuroblastoma growth in children by decreasing cell proliferation [9] . Some studies show that 13-cis RA has activity against glioblastoma stem cells (GB) [15, 16] . The synergistic mechanism between Met and 9-cis RA remains unknown.
The present study showed that combination of 9-cis RA with Met induced a higher percentage of late apoptosis in C6-GSCs than single treatment with 9-cis RA or Met.
Met affected the morphology of early apoptosis whereas 9-cis RA bound to RARs, RXRs, and caused DNA fragmentation [10, 21, 34] . Moreover, the mechanism of apoptosis, confirmed by western blot, shows cleaved caspase-3 in Met-, 9-cis þRA-and Metþ 9-cis RA-induced apoptosis. Met and 9-cis RA can promote Bax or Fas-L to move to the membrane.
Release of cytochrome c from the mitochondria activates caspase-3 and inhibits procaspse-3 leading to formation of the apoptosome and apoptosis. C6-GSCs gliospheres used in the present study represent a version of cancer-inducing stem cells [3, 9, 26] . Met and 9-cis RA were synergistic in reducing the number of C6-GSCs. Therefore, they can reduce cancer incidence and eliminate cancer stem cells with minimal side effects [5, 19] . Ultimately, Met and 9-cis RA should be considered as drug of choices for treatment GBM.
9-cis RA binds to both RARs and RXRs. After activation by their specific ligands become chromatin fragments through apoptosis as an intrinsic pathway. At the same time, 9-cis RA effects the mitochondria organelles. It can move to the mitochondrial membrane and release cytochrome c, which activates caspase-3, inhibits procaspse-3, and leads to apoptosome formation and apoptosis.
In conclusion, combining Met with 9-cis retinoic acid (9-cis RA) reduced the proliferation rate of C6-GSCs in vitro. 9-cis RA and Met act synergistically and induce 85.8% of early and late apoptotic GSCs death. Met and 9-cis RA could affect C6-GSCs. Met had an early influence on cellular organelles and apoptosis as seen by shrinkage, membrane blebs, vacuolar cytoplasm, and nuclear chromatin condensation. 9-cis RA affected late apoptosis of C6-GSCs as evidenced by apoptotic bodies, chromatin condensation, chromatin margination, and nuclear fragmentation.
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